We describe a method of measuring thermal conductivity of films as thin as 15 nm from 2-300 K and in magnetic fields up to at least 8 T using a silicon-nitride membrane based microcalorimeter. The thermal transport in the membrane is measured before and after a sample film is deposited on the membrane. Accurate knowledge of the geometry of the microcalorimeter allows the thermal conductivity of the sample film to be determined from the difference of these measurements. We demonstrate the method for two thin film samples, a 16 nm thick Au film and a 200 nm Pb film. Results are in good agreement with the expected thermal conductivity. Below 10 K, surface scattering effects in the nitride membrane become important and limit the usefulness of this technique in some cases. Above 100 K radiative loss becomes important; we describe a method for correcting for this, taking advantage of its temperature dependence.
I. INTRODUCTION
The thermal conductivity k of thin film materials is an important quantity for both industrial applications and fundamental science which has historically been difficult to measure. Thin films are the major constituent in many modern technologies where heat flow is critical. For metals, thermal engineering of integrated circuits and other micromachined devices usually relies on estimates of k calculated using the Wiedemann-Franz law k / = L o T, where is the electrical conductivity and L o = 2.44ϫ 10 −8 W−⍀ / K 2 is a constant commonly called the Lorenz number. Measurements of k as a function of T allow investigation of deviations from this behavior, which is not only of practical importance but also provides information about electronphonon scattering and the contribution of phonons to thermal conductivity. For insulating thin films, the Wiedemann-Franz law does not apply, and values of k must be measured. Bulk values of k are often used, if they are known, though many insulating materials either cannot be made in bulk form or have not been thermally characterized. In addition, k often depends on microstrucure and preparation technique, making the use of bulk values for thin films questionable. Several methods for measuring k for films of various thicknesses have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] These techniques are all either limited in temperature range, measure thicker films, or ignore effects of radiation.
In this article we describe a technique for measuring k of films between 10 and 200 nm thick, at temperatures from 2-300 K and in magnetic fields as large as 8 T. The measurement is made using a Si-N membrane microcalorimeter and is useful for metallic, insulating or superconducting thin films. We present measurements of a 200 nm Pb film and a 16 nm Au film in addition to the bare microcalorimeter which is dominated by k of Si-N. Above 100 K radiation contributions become significant; we present means to determine this radiation loss. Below 10 K surface phonon scattering is important; we discuss results for membranes with different surface properties to demonstrate these effects. We also discuss the expected uncertainty and the range of thin films which can be effectively measured.
II. PRINCIPLE OF MEASUREMENT
The microcalorimeter, originally used to measure the heat capacity of thin films and described in detail elsewhere, 12, 13 requires no modification for thermal conductivity measurements. It consists of a 1 cmϫ 1 cm single crystal silicon frame which supports a 200 nm thick, 0.5 cmϫ 0.5 cm square low-stress amorphous Si-N membrane which is grown by low-pressure chemical vapor deposition (LPCVD) at Ϸ835°C. Thin-film Pt heaters and Pt and amorphous niobium-silicon thermometers are vapor deposited and lithographically patterned on the central 0.25 cm ϫ 0.25 cm square area of the membrane. The top-view schematic inset in Fig. 1 indicates the location of the Pt heater and the thermometers. The microcalorimeters used for this study incorporate a SiO 2 layer between the Si wafer and the Si-N film to lower the stray capacitance between the Pt leads and heater and ground. This layer is either an Ϸ1.5 m LPCVD SiO 2 film grown at Ϸ350°C (commonly referred to as low-temperature oxide, LTO) or an Ϸ600 nm thermal oxide layer, which is grown by oxidizing the silicon surface at 1000°C. The thick LTO film often forms with voids and some thickness variation, while the thermal oxide is typically of higher quality, with less variation in thickness. The oxide a) is removed from the membrane after it is formed by etching the Si wafer in KOH, but its presence during the growth of the Si-N affects the properties of the nitride surface on which samples are deposited.
14 In order to keep the heater and thermometers isothermal, a 0.25 cmϫ 0.25 cm thermal conduction layer (typically 200-400 nm of Ag, Au, Cu, or Al) is deposited on the back of the membrane through a micromachined shadow mask held within 25 µm of the membrane.
The Si-N membrane and Pt leads form a small thermal link from the central area of the membrane to the Si frame. We measure the conductance of this thermal link K a by applying a small amount of heating power P by causing a known current to flow in the heater. When thermal equilibrium is reached, the thermal conduction layer, heater, and thermometers are at T o + ⌬T, while the silicon frame remains at T o . At this point the change in the resistance of the thermometer, ⌬R = R͑T o + ⌬T͒ − R͑T o ͒, is measured. ⌬R is converted to temperature and ⌬T determined using a calibration of the thermometer obtained by measuring R at each temperature T o .
Below 100 K the heating power is related to the steadystate ⌬T by P = ͗K a ͑T , T o ͒͘⌬T. Here ͗K a ͑T , T o ͒͘ is the average thermal conductance of the link over the temperature range ͑T o , T o + ⌬T͒. K a ͑T͒ is determined from this average with a two-variable fit. In practice we find that K a is close to linear over the small values of ⌬T (typically 1-10 % of T o ) and we replace the average ͗K a ͑T , T o ͒͘ Х K a ͑T o + ⌬T /2͒, giving the thermal conductance as a function of a single temperature.
K a has contributions from the Pt leads, K Pt , and the Si-N membrane, K Si-N . To measure k we deposit the sample film on the entire back of the membrane. This adds another contribution, K s to the thermal link so that K meas = K Si-N + K Pt + K s = K a + K s . K s is then determined by subtracting K a from the total thermal conductance after sample deposition, K meas . Above 100 K, where radiation contributions become significant, and below 10 K, where surface scattering affects thermal transport in the membrane, K s may not be determined by this simple subtraction. These more complicated cases are discussed below.
Once K s is measured the sample's thermal conductivity k s may be determined using the geometry of the microcalorimeter. Since the temperature gradient through the Ϸ200 nm thickness of the membrane is small compared to the gradients in the lateral dimensions of the microcalorimeter the system is essentially two-dimensional so that k s = K s / ␣t, where ␣ is a 2-d geometry factor and t is the sample film thickness. This assumption is good as long as thermal boundary resistances between the thin-film layers are negligible. When the central heater/thermometer area is isothermal, ␣ = 10.33. 13 Simulations of the microcalorimeter presented elsewhere 13 calculate deviation from this behavior when the thermal conductivity of the membrane/sample region is not Ӷ than that of the central area. The results set a limit on the technique as will be discussed below.
We have previously shown experimentally that applied magnetic fields have Ͻ1% effect on K a up to at least 8 T. 15 Determining the field dependence of a film's k s from a series of K meas measurements in different steady-state applied fields therefore requires only one measurement of K a in zero field. The niobium-silicon low temperature thermometers do show measurable magnetoresistance below 6 K, 15 and must be calibrated for each measurement field at low T.
A. Surface scattering
As T drops, scattering of phonons is less frequent and the mean-free path increases. As the mean-free path approaches the thickness of the membrane, scattering of phonons from the membrane surface alters the thermal transport. If this scattering is specular the mean-free path continues to grow as temperature drops. When surface scattering is diffuse, the mean-free path and the thermal conductance are reduced. Measurements presented elsewhere suggest that below 10 K Si-N membranes grown on thermal oxide underlayers allow specular scattering while the scattering in membranes grown on LTO is predominantly diffuse. 14 Several authors have reported that a change from specular to diffuse scattering can occur when particles or films are deposited on clean surfaces. 11, 16 When this occurs at the Si-N membrane surface, the contributions to the thermal conductance are not simply additive so that subtracting K a from K meas gives an artificially reduced value for K s . We discuss the consequences of these surface scattering effects for low temperature measurements of k s below. 
B. Radiative contributions
For T Ͼ 100 K the radiation contributions are significant and become particularly important when the addition of the sample film changes the optical properties of the device. A first order estimate of the radiation correction begins by adding terms for the emission of radiation from the heated area of the calorimeter and absorption of radiation from the environment (kept at T o by a radiation shield) so that
where = 5.67ϫ 10 −12 W/cm 2 K 4 is the Stefan-Boltzmann constant, A eff and ⑀ are the effective area and emissivity of the heated surfaces, and K cond = K Si-N + K Pt is the nonradiative contribution. Using a Taylor expansion for K cond and taking terms up to ⌬T gives P / ⌬T Х K cond ͑T o ͒ +4A eff ⑀T o 3 , indicating that radiation adds a T 3 term to the quantity measured at low T. One method for removing the radiation term is to assume that at high T K cond does not contain T 3 terms. We fit P / ⌬T = K above 100 K to K = a 0 + a 1 T + a 2 T 3 , calculate A eff ⑀ = a 2 /4 and subtract 4A eff ⑀T 3 from K at all T. This method is relatively simple and effective as long as ⌬T is small and K Pt and K Si-N do not contain T 3 terms above 100 K. Though calculating A eff ⑀ is sufficient to remove radiation losses and determine K cond , determining ⑀ requires some knowledge of A eff . This is complicated due to the different optical properties of different elements of the nonuniformly heated membrane. We can make a simple estimate of A eff by assuming that ⑀ of the Si-N surfaces is ӷ⑀ of the metal surface of the conduction layer, ignoring the relatively small surface area of the Pt leads and heater and assuming the central area is isothermal at T o + ⌬T. In this case radiation is emitted from the top surface of the 0.25 cmϫ 0.25 cm central area and the top and bottom surfaces of the membrane border which supports the temperature gradient. To further simplify we approximate the radiation from the border with radiation from a border isothermal at T o + ⌬T with an area scaled by the ratio of its average heating to ⌬T. 17 These approximations give A eff = 0.219 cm 2 . A more general approach to correcting radiation loss where P is allowed to have ⌬T 2 terms could be useful in some cases and is described elsewhere. 18 Once the radiation contributions are determined both before and after sample film deposition, K s is given by
where ⑀ * A eff * = a 2 /4 are the values after deposition of the sample film which can significantly alter the emissivity of the bottom surface of the membrane.
III. EXPERIMENT
We first thermally evaporated a 300 nm Cu conduction layer on the central area of several microcalorimeters from the same wafer. We then thermally evaporated two sample films, a 200 nm thick Pb film (with a thin Ge underlayer which promotes growth of a flatter, continuous Pb film) and a 16.3 nm thick Au film, at base pressures of 4 ϫ 10 −6 Torr or lower simultaneously onto the microcalorimeters and several Si-N coated Si substrates which were used for profilometry, electrical resistivity, and x-ray diffraction measurements. The thickness of the Pb/Ge layer was measured by profilometry after depositing a 20 nm thick Ag film to prevent the profilometer stylus from dragging through the soft Pb. The Pb film's x-ray diffraction pattern is typical of a (111)-textured polycrystalline fcc film with average crystallite size Ϸ56 nm. The electrical resistivity of the Pb/Ge film was measured using a standard four lead technique using a 3 mmϫ 1 cm strip broken from a larger substrate. Results are as expected for a bulk polycrystalline Pb film, T c is 7.2 K and approaches the impurity-dominated regime just above T c with o Ϸ 0.7 ⍀ − cm and residual resistivity ratio Ϸ27, indicating a reasonably pure film.
The thickness of the Au film was determined by lowangle x-ray reflectometry and the measured with a four lead technique on a photolithographically patterned film. It is important to note that 16.3 nm is an average thickness determined from interference fringes in the low-angle x-ray scan, and that the roughness of this film is likely of the same order of magnitude as the thickness. As is often the case in such thin metal films, 19 is dominated by transport through the thinner areas of the film, causing high residual resistivity, o = 7.32 ⍀ −cm ( reaches o at Ϸ15 K), and ‫ץ‬ / ‫ץ‬T approximately 2ϫ higher than for bulk Au.
The microcalorimeter is cooled in a sample-in-vacuum 4 He cryostat which is operated either in a storage dewar or in the bore of a superconducting magnet. The temperature of the sample stage, to which the microcalorimeter is attached with grease and a clamp, is monitored with a calibrated Lakeshore Cernox sensor and measurements of the microcalorimeter's thermometers are made with a lock-in amplifier and an ac resistance bridge described in detail elsewhere.
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IV. RESULTS AND DISCUSSION
Figure 1(a) shows K meas from 2-30 K after deposition of the 200 nm thick Pb film. K a is also shown in this temperature range, though K meas Ͼ 10ϫ K a . Data in the normal state is obtained by applying a one tesla magnetic field which is well above H c for Pb. Figure 1(b) shows thermal conductivity for the Pb film, k Pb versus T. The error bars on k are discussed below. As expected k Pb is exponentially suppressed in the superconducting state, and roughly linear in the normal state. A linear fit to the normal state data below T c gives an estimate of the electron mean free path, ᐉ =3k / ␥Tv F Ϸ 37.5 nm, where v F is the Fermi velocity and ␥ the density of electron states for Pb. ᐉ is comparable to the estimate of the crystallite size 56 nm, determined from the x-ray linewidth. The dashed line shows the prediction of the Wiedemann-Franz law, k WF = LT / , where is the measured electrical resistivity of the Pb film. k WF in the normal state was calculated assuming = o below T c . The uncertainty on k WF is ϳ9% and is dominated by the uncertainty of the geometry of the resistivity sample. The curves are within error bars from 2 to 30 K. Figure 2(a) shows K meas from 2-300 K after deposition of the 16.3 nm Au film. Again K a is shown. Here K a is Ϸ40% of K meas at high T and Ϸ70% at low T. Note the upturn of K a above Ϸ150 K which is the signature of the radiation term with its T 3 dependence, as well as the much smaller upturn in K meas . The estimated emissivity for K a is ⑀ Х 0.04± 0.006 (using A eff = 0.219 cm 2 ). After deposition of the Au sample the radiation contribution is much smaller; ⑀ * A eff * Х ⑀A eff / 8. Radiation-corrected values appear in Fig.  2(a) as solid lines. K Pt , calculated from the WiedemannFranz law using the measured of the platinum heater, is shown as a dashed line. Subtraction of the radiation term and K Pt from K a gives K Si-N and k Si-N . The results presented in another publication 14 are similar to k of many glassy solids and agree well with other published values for a-Si-N films.
The inset of Fig. 2(a) is a low-T log-log plot of K meas and K a which shows the effect of surface scattering. The dotted line labeled K a is the data measured on this microcalorimeter before deposition of the Au sample film. This membrane was deposited on a thermal oxide underlayer, causing specular scattering of phonons as described above. After deposition of the Au film, the surface scattering is at least partly diffuse, 11, 16 reducing the contribution of the membrane from the value measured with no sample. As a result K s K meas − K a , with this subtraction giving a potentially large underestimation of the contribution of the sample. The solid line labeled K a Ј is the thermal conductance determined using K Si-N from a membrane grown on an LTO underlayer, where surface scattering is predominately diffuse. Subtracting K a Ј provides an estimate of the true contribution of the sample film. Figure 2 (b) is a plot of the thermal conductivity of the Au film k Au . Bulk Au typically has a constant k Х 3 W / cmK from Ϸ80-300 K, and a peak below 20 K. 20 Our k Au is Ϸ4ϫ lower than bulk values, almost certainly from the same geometric effects of film roughness which increase o and ‫ץ‬ / ‫ץ‬T. k Au is also roughly linear above ϳ15 K, suggesting it is dominated by electrons, with a weakly temperature-dependent mean-free path. Here a linear fit gives ᐉ =3k / ␥v F T Ϸ 9.5 nm. This is roughly half the measured average thickness of the film, which is consistent with a geometrical origin of the suppressed k and . The dashed line shows k WF for the Au film. Here the photolithographically patterned resistivity sample gives smaller uncertainty in geometry and ϳ5% uncertainty in k WF . The two curves are within error bars above 50 K, giving additional evidence that the film roughness has a similar effect on both k and . The slight reduction in k with respect to k WF is consistent with the suppression of k with respect to often seen in metals below ⌰ D (165 K for bulk Au). The inset in Fig. 2(b) shows k Au at low T on a log-log plot. The result obtained using the specular scattering-dominated K a appears as a dotted line. The solid line is the estimate of k Au obtained by subtracting K a Ј which is dominated by diffuse scattering as described above, and the dashed line is the prediction of the Wiedemann-Franz law. The diffuse-scattering estimation shows much better agreement with the Wiedemann-Franz law, supporting our interpretation of the surface scattering effects. Figure 3 is a plot of the product of sample film thermal conductivity and film thickness, k s t versus T. The contour lines on this plot are calculated values of k s t required for the error on k s to be 3%, 5%, 10%, and 20%. The dashed lines shown above 100 K and below 10 K are the radiation and surface scattering regions where the estimation of error de- pends on sample emissivity and surface properties of both the sample and the nitride membrane. Below 100 K the lower k s t contour lines are set by the 1% uncertainty in measurement of K a , and K meas and the 2% uncertainty in t. Above 100 K the uncertainty in determining ⑀ and ⑀ * (which depends on the optical properties of the sample film) is significant. Below 10 K the dashed lines are calculated assuming K s = K meas − K a , which we expect for surface scattering that is predominantly diffuse. When measurements of K a below 10 K are consistent with specular scattering, larger values of k s t are required (Ϸ0.1 W / K or greater) to avoid large uncertainties due to surface scattering effects. The best way to eliminate surface scattering effects as a source of uncertainty is to measure a series of films of different thicknesses. K s will scale with thickness if it is a meaningful measurement of film properties.
The upper k s t limits are set by the requirement for maintaining thermal equilibrium in the central heater and thermometer area. As described in detail elsewhere 13 , ␣ = 10.33 holds while the temperature gradient is confined to the area between the central conduction layer and the Si frame. As k s or t for the sample film increases (relative to kt for the 300 nm Cu conduction layer), the temperature gradient across the conduction layer grows and ␣ is reduced, leading to systematic underestimation of k s which is calculated in Ref. 13 .
Measured values of k s t for the Pb (superconducting state) and Au films are also plotted in Fig. 3 . The two films span the range of thin films which can be measured with this technique. Figure 3 also suggests that our technique has good potential for measuring k for a range of metal films from 20 to 100 nm thick. To our knowledge no comprehensive study of k͑T͒ for such thin metal films exists, although evidence exists that the Wiedemann-Franz law is obeyed at least in limited cases. 21, 22 Films such as amorphous semiconductors typically have k ϳ 5−50ϫ 10 −4 W / cmK at 5 K. Our method could measure 60-600 nm thick films in this range with uncertainty better than 5%.
